ABSTRACT
electronic instability of the high-valent Fe 3.75+ and Ni 3+ respectively is relieved via intermetallic charge transfer (CT): 4Fe 3.75+ + 3Cu 2+ → 4Fe 3+ + 3Cu 3+ and Bi 3+ + Ni 3+ → ½Bi 5+ + ½Bi 3+ + Ni 2+ . [12] [13] [14] In both materials the CT is not only accompanied by significant changes to the magnetic and transport properties but also by a significant volume expansion on cooling below the CT transition temperature, while the latter material also reflects the CD instability of Bi 4+ :
Bi 4+ → ½Bi 5+ + ½Bi 3+ . [12] [13] [14] The perovskite Ca . Bi . FeO has recently been reported to contain unusually high-valent Fe 3.5+ and to undergo sequential charge transitions on cooling due to competing charge instabilities. [15] Magnetic and transport properties show significant anomalies associated with the charge transitions. volume expansion on cooling below the transition temperature. Below this temperature, the CD and CT phases coexist and the ratio between the two is highly dependent on both the temperature and the cooling rate. The oxidation states of iron and the charge compositions of all three phases were confirmed by Mössbauer spectroscopy.
In this study we present detailed analysis of the crystal and magnetic structures of this material with neutron powder diffraction data in order to determine the charge and spin orders in the CD and CT phases. An unusual partial magnetic order with "idle" Fe 4.5+ spins is discovered in the CD phase.
II. EXPERIMENTAL
A polycrystalline sample of Ca0.5Bi0.5FeO3 was obtained from a solid-state reaction under high-pressure and high-temperature conditions. Suitable stoichiometric amounts of CaCO3, Bi2O3, and Fe2O3 were mixed and calcined at 650°C in air. The calcined powder was sealed in a Pt capsule with KClO4 as an in-situ oxygen source, heated to 1100 °C under 5.3 GPa and held for 30 minutes followed by quenching to room temperature. The pressure was slowly released to ambient conditions after cooling. Finally the obtained powder was washed with distilled water in order to remove residual KCl and KClO4 and dried.
Laboratory X-ray powder diffraction data were collected using a Bruker D8 diffractometer using Cu Kα radiation. Neutron powder diffraction data were collected using the GEM diffractometer at ISIS Neutron Source, UK from a sample contained within a vanadium can.
Rietveld refinements were performed using the GSAS suite of programs. [16] Mössbauer spectroscopy data were collected using. Mössbauer spectroscopy measurements were carried out in transmission geometry with a constant-acceleration spectrometer using a 57Co/Rh radiation source and were fitted with Lorentzian functions. Magnetic properties were measured with a commercial Quantum Design MPMS SQUID magnetometer.
III. RESULTS
X-ray powder diffraction data confirmed the as-synthesised Ca0.5Bi0.5FeO3 sample was single phase and crystallizes in the Pnma structure previously reported. [15] Magnetization and resistivity data collected as a function of temperature show two anomalies consistent with successive CD and intermetallic CT transitions (Fig. 1 ).
The structural model previously reported (space group Pnma, a = 5.5122(6) Å, b = 7.7042 (9) Å, and c = 5.4024(6) Å, Fig. 2 (a) ) was successfully refined against neutron powder diffraction data collected at 300 K to give good calculated and observed fits (χ² = 4.906, Fig. 3 (a) ). Details of the refined structure are given in the Supplemental Information. This magnetic structure is compatible with the 2:1 ratio of Fe 3+ :Fe 4.5+ and provides evidence that the Fe cations are charge ordered with two antiferromagnetically ordered Fe 3+ layers for every one paramagnetic Fe 4.5+ layer. An attempt was made to refine a nuclear cell of the same dimensions as the magnetic cell against the neutron powder diffraction data to determine oxygen displacements associated with charge ordering of Fe 3+ and Fe 4.5+ but the resulting refinement was not stable and did not result in an improvement of the fit to the data. This is likely due to the fact that charge ordering is accompanied by only very small modifications to the oxygen positions. Observed, calculated, and difference plots are shown in Fig. 3 (b) and details of the refined structure are given in the Supplemental Information. [17] As previously reported from synchrotron X-ray powder diffraction data, data collected below ~200 K result from a mixture of the CD and CT phases. K) pointing along the c direction ( Fig. 2 (c) ). Observed, calculated, and difference plots are shown in Fig. 3 (c) and details of the refined structure are given in the Supplemental
Information. [17] Refined lattice parameters, unit cell volume, phase fractions and magnetic moments refined against neutron powder diffraction data collected as a function of temperature are given in the Supplemental Information.
[17]
IV. DISCUSSION
The explains why the CD transition at 250 K is not associated with a significant change in the resistivity of Ca . Bi . FeO (Fig. 1) .
In Ca . Bi . Fe . Fe .
. O , two thirds of the B-sites are occupied by Fe 3+ which are coupled antiferromagnetically to their nearest neighbor Fe 3+ centers ( Fig. 2 (b) ). This implies that J1, the nearest neighbor interaction between adjacent high-spin d 5 Fe 3+ centers, is very large and antiferromagnetic as expected from simple Goodenough-Kanamori rules applied to two adjacent high-spin d 5 Fe 3+ centers (Fig. 4 (b) ). [21] J2, the next-nearest neighbor interaction between Fe 3+ centers, is also strong and antiferromagnetic, accounting for the pairs of centers on either side of a given paramagnetic site being aligned antiparallel to each other. Such a long distance magnetic interaction is also present in other oxide materials containing unusually high valent Fe centers and often induce nontrivial magnetic structures as a result of competing magnetic interactions. [10, [22] [23] [24] The arrangement of Fe 3+ spins around each Fe 4.5+ site result in magnetic frustration within the ac planes (Fig. 4 (b) ) regardless of the sign of J3, the nearest-neighbor interaction between Fe 3+ and Fe 4.5+ sites. Long-distance magnetic interactions are also expected between Fe 4.5+ spins along the b-axis, which would generate competing magnetic interaction in this direction.
The magnetic structure adopted by the CD phase, in which only some of the magnetic sites order, is similar to that previously observed in materials such as Fe3F8 (H2O) Mössbauer data collected at 5 K do not contain any paramagnetic component. [15] A field-cooled hysteresis loop collected at 5 K from a rapidly cooled sample (in which the CD phase is kinetically trapped) is offset from the origin (Fig. 4 (a) 
